The Caenorhabditis elegans gene unc-5 and it's vertebrate homologues are Netrin receptors. In this study, I report the cloning of three mouse Unc5 family members, namely, Unc5h1, Unc5h2 and Unc5h4. Furthermore, a comparative expression analysis is presented with Unc5h3, deleted in colorectal cancer and Netrin-1. Transcript distribution is studied during early eye development, mammary bud formation, vascularisation, and limb development. The most widely expressed Unc5 family member is Unc5h2 and it's mRNA is observed during early blood vessel formation, in the semicircular canal and in a dorsal to ventral gradient in the retina. Unc5h1 expression is restricted to the central nervous system, whereas, sites of Unc5h4 expression are in the developing limb and mammary gland. q
Results and discussion
Migrating cells and axons are guided to their target by chemotropic cues in the extracellular environment. One of these, the secretory protein NETRIN-1, acts as a bifunctional guidance cue, repelling some axons or cells while attracting others (Tessier-Lavigne and Goodman, 1996) . This dichotomous response largely depends on the expression of two Netrin receptor classes. While the attracting effect is mediated by receptors of the DCC (deleted in colorectal cancer) family (DCC and Neogenin), members of the Unc5 receptor family are involved in mediating the repulsive action. The Netrin-pathway is phylogenetically conserved and unc-5 has originally been identified in Caenorhabditis elegans, where it genetically interacts with the nematode orthologs of Dcc and Netrin-1 (Leung- Hagesteijn et al., 1992) . Three vertebrate homologues of unc-5 have been isolated so far: Unc5h1 and Unc5h2 from rat (Leonardo et al., 1997) and Unc5h3 from mouse and human Ackerman et al., 1997) . Although they all have been shown to bind directly to NETRIN-1, evidence so far suggests that the repulsive action depends on the co-expression and the direct interaction with DCC (Hong et al., 1999) . Here, I report the cloning and expression of the mouse homologues of Unc5h1 and Unc5h2 and of Unc5h4, a novel Unc5 family member.
Two expressed sequence tags (ESTs) corresponding to the 3 0 part of mouse Unc5h1 and Unc5h2 were identified by searching the NCBI database with the rat Unc5h1 and Unc5h2 sequences, respectively. A partial sequence of a novel mouse unc-5 homologue, named Unc5h4, was obtained by using degenerate primers and reverse transcriptase polymerase chain reaction (RT-PCR). Subsequently, full length clones representing mouse Unc5h1, Unc5h2 and Unc5h4 were generated by 5 0 -and 3 0 -rapid amplification of cDNA ends (RACE) and by RT-PCR. Sequence comparison demonstrated that of all structural hallmarks of vertebrate Unc5 genes are present in Unc5h4 (Fig. 1A) . The overall sequence homologies to Unc5h1, Unc5h2 and Unc5h3 were 44, 48.7, and 47.6%, respectively, suggesting that the closest homologue of Unc5h4 was Unc5h2. This was confirmed by the genomic organisation; both, Unc5h2 and Unc5h4, possessed a short intervening sequence Nterminal of the transmembrane domain encoded by a single exon, exon 7a. Interestingly, the DB-domain, a short intracellular segment necessary for interaction with DCC (Hong et al., 1999) , was most converged in Unc5h4. (Fig. 1A) .
To examine the expression of the Unc5 genes during mouse development, RNA in situ hybridisation was performed on whole embryos and sections from embryonic stages E9.5 to E15.5. In addition, expression patterns were compared with those of Dcc, Neogenin and Netrin-1. Transcripts of all four Unc5 genes were observed in the central nervous system (CNS) throughout development in a distinct, but partially overlapping pattern Barrett and Guthrie, 2001; Leonardo et al., 1997; Przyborski et al., 1998) . Expression of the four unc-5 homologues outside the CNS, however, was found to be entirely non-overlapping.
The first of the mouse unc-5 relatives to be expressed during development were Unc5h2 and Unc5h3. Unc5h3 transcript distribution was described previously (Przyborski et al., 1998 ) and it's expression pattern was therefore only noted where it related to those of the other three Unc5 genes. Unc5h2 mRNA was initially detected before E9.5 in the vasculature surrounding the developing heart (not shown). From E9.5 onwards, Unc5h2 expression was also observed in the developing eyes, limb buds, and the semicircular canal of the inner ear (Fig. 2B) . Highest Unc5h3 expression levels were noticed subectodermally in the migrating neural crest cells and the developing limb (Przyborski et al., 1998) (Fig. 2C) . Generally, signals corresponding to Unc5h2 and Unc5h3 expression were stronger when compared to Unc5h1 and Unc5h4 irrespective of the probes used. In contrast to Unc5h2, Unc5h3 and Unc5h4, extra-CNS expression of Unc5h1 was at background levels ( Fig. 2A ; two distinct mouse probes and a rat Unc5h1 probe were used). A notable exception, however, was strong expression in the lung and in the whisker follicles (data not shown). Unc5h4 was the last of the four mouse unc-5 homologues to switch on expression and signals were first identified at E11.5 in a thin line on the body surface at the site of shoulder formation and in the limb bud (Fig. 2D ). Additional sites of expression outside the brain include some developing glands (see subsequently) and the inner ear (not shown).
In the developing eye, Unc5h2 expression was first detected at E9.5 (not shown). Shortly thereafter, it became restricted to the dorsal half of the retina with higher levels at the ciliary margins and lower levels towards the central retina (Leonardo et al., 1997) (Fig. 2G-I , K). The dorsal expression was maintained at least until E14.5 and became uniformly distributed in cells of the inner nuclear and the ganglion cell layers in the adult retina (not shown). Section in situ demonstrated a distinct pattern of Netrin-receptor expression in the developing retina ( Fig. 2J-M ): at E12.5, a signal corresponding to Unc5h1 was detected in the central area, not including the innermost layer which corresponds to the zone where the first ganglion cells are born. Conversely, these cells exclusively expressed Dcc (Deiner et al., 1997; Livesey and Hunt, 1997) . Unc5h2 labelled solely a dorsal cell population and Netrin-1 the optic nerve (de la Torre et al., 1997; Deiner et al., 1997; Livesey and Hunt, 1997; Petrausch et al., 2000) . The non-overlapping expression pattern of Unc5h1, Unc5h2, and Dcc during early developmental stages, however, is in contrast to their parallel expression in the ganglion cell layer at later stages of development and in the adult retina (Ellezam et al., 2001; Johansson et al., 2001; Petrausch et al., 2000) . Unc5h3, Unc5h4, and Neogenin were not detected in the eye at the stages analysed.
Another prominent site of Unc5h2 expression was the developing vascular system. Blood vessel development is thought to occur in two steps: vasculogenesis, which is defined as the initial formation of blood vessels by the generation of endothelial cells from angioblasts, and angiogenesis, which is the formation of new blood vessels from pre-existing ones by vascular sprouting (for review see: Risau and Flamme, 1995) . Expression of Unc5h2 in intersomitic vessels (Fig. 2N ) and in vascular endothelial cells of the CNS (Fig. 2O ) -but not in the dorsal aorta, one of the major primary vessels -suggested that it may play a role during cell migration, vascular sprouting and/or spatial organisation of secondary blood vessels.
Development of mouse mammary gland initiates around E10 when two epithelial lines on the surface ectoderm begin to thicken on the lateral sides of the embryo (Phippard et al., 1996) . During the next 2 days, five pairs of mammary placodes are formed, which then gradually transform into bud-like structures (B1-B5, from anterior to posterior).
There is a precise timing of placode and bud formation: placode 3 is the first to form, followed by placode 4, then 1 and 5, and finally placode 2 (Mailleux et al., 2002) . Bud formation is initially accompanied by the formation of an epithelial mound which subsequently subsides and by E14.5 becomes undetectable. Unc5h2, Unc5h4, and Netrin-1 were expressed during early mammary gland formation at the bud-formation stage (Fig. 2P) . Transcript distribution and levels of expression followed the maturation of the buds. Therefore, all data presented refer to bud B3. Low amounts of Unc5h2 mRNA were first detected at E12.0 in unorganised condensed epithelial cells at a stage when the bud started to elevate (Fig. 2Q) . Approximately 12 h later, these epithelial cells became highly arranged and the epithelial mound emerged. Unc5h2 expression was now strongest with highest levels in most centrally located epithelial cells (Fig. 2R) . The signal then declined and was below detection by E14.5. Conversely, Unc5h4 and Netrin-1 exhibited a mesenchymal staining which could be seen as an elliptical ring around the clear epithelial bud (Fig. 2S, T) . Sections revealed that, whereas Netrin-1 expression was confined to the underlying loose mesenchyme (Fig. 2W) , Unc5h4 expression was in the condensed mesenchyme around the bud (Fig. 2V) . Comparable to the eye expression, there was a gradient of Unc5h2 expression in the bud epithelium with strongest levels at the tip of the mammary bud, furthest away from the Netrin-1 source (Fig. 2U) . Similar patterns of Unc5h2 and Netrin-1 expression were also observed during hair follicle and whisker development (Fig. 2I and data not shown).
Another site of Unc5h2 expression is the developing inner ear and high levels of Unc5h2 mRNA were observed Fig. 2 . Whole mount RNA in situ hybridisation. Expression patterns of Unc5 genes at E11.5 are non-overlapping and distinct from DCC and Netrin-1. Unc5h1 (5H1) expression is restricted to the ventral spinal cord (A), whereas, sites of Unc5h2 (5H2) expression are in the developing eye, inner ear, vasculature and limb buds (B). Unc5h3 (5H3) expression is strongest in migrating neural crest (C) and Unc5h4 (5H4) expression is restricted to a thin line at the base of the forelimb and to the limb bud. Dcc transcripts are limited to the CNS (E). In contrast, the Netrin-1 (Ntn1) expression pattern is a mirror image to those of the Unc5 genes. Major sites of Netrin-1 expression are the limb bud and mesenchymal tissues distributed over the whole embryo. In the developing eye, Unc5h2 is restricted to the dorsal half (G-I). In situ hybridisation of frontal vibratome sections (J-M, dorsal side is up) demonstrate distinct patterns of expression for Unc5h1, Unc5h2, DCC, and Netrin-1 in the eye (note the Unc5h2 positive vasculature surrounding the eye). Throughout development Unc5h2 mRNA is noticeable at sites of vascularisation: e.g. in intersomitic vessels (white arrows in N) or in the central nervous system (O). Sections reveal that transcripts are located in elongated endothelial cells arranged to form the vascular capillaries (O). Unc5h2, Unc5h4 and Netrin-1 are also expressed during mammary gland development at stages of bud formation (whole mount in situ hybridisation; P, low power magnification of mammary buds B2 and B3; Q-T, high power magnifications of flat mounted buds B3; U-W, sections of the buds shown in R,S,T, respectively). Unc5h2 is first detected in disorganised epithelial cells (Q). These gradually become highly arranged, elevated and express the highest levels of Unc5h2 at the central tip of the bud (R,U). Unc5h4 expression is confined to the condensed mesenchyme surrounding the bud (V), whereas, Netrin-1 expression is seen in the underlying loose mesenchyme (W). Unc5h2 transcripts are also found in developing semicircular canal (X). The scale bar represents 2.8 mm in (A-F); 1 mm in (I); 0.8 mm in (N); 0.7 mm in (G,H,P); 0.35 mm in (J-M,X); 100 mm in (V-W) and; 60 mm in (Q-U).
in the semicircular canal between E9.5 and E14.5 (Fig. 2X) . On sections, expression of two further Netrin-receptorsUnc5h4 and Neogenin -were detected in the developing inner ear (not shown). Netrin-1 mutant mice show severe malformations of the semicircular canal (Salminen et al., 2000) , however, it is not known through which receptors this Netrin-1 activity is mediated.
Limbs develop from small buds that bulge out from the lateral sides of the body wall and consist of mesenchymal cells ensheathed by a thin layer of ectodermal cells. Several signalling regions are important for the outgrowth and patterning of the developing bud: the apical ectodermal ridge (AER) is a thickened epithelium at the tip of the bud that arises from the surface ectoderm. The zone of polarising activity (ZPA) consists of mesenchyme cells at the posterior side of the limb bud. Finally, the progress zone (PZ) at the distal region of the limb bud consists of undifferentiated proliferating mesenchymal cells (for reviews see : Capdevila and Belmonte, 2001; Tickle, 1996) . Three members of the Unc5 family were found to be expressed during limb development. The first one to emerge was Unc5h2, with two major sites of expression which became visible simultaneously at E9.5 shortly after bud formation. Most prominently, Unc5h2 signals were observed in the distal part of the limb bud. At E9.5 (not shown), E10.5 and E11.5 Unc5h2 transcripts marked the AER and the subjacent mesenchyme (Fig. 3A, B) . Additional sites of Unc5h2 mRNA distribution were in the lateral sides of the embryo between the fore-and (A,B) , then expands to include the interdigital mesenchyme (C,D,E). At E14.5 it condenses at the finger tips (F,G). A second site of expression is the developing limb vasculature (H is a deeper focus into the limb bud). Unc5h3 expression is initially broad in two areas of the proximal limb bud (I). At E12.5 and E13.5 additional expression is detected in the interdigital mesenchyme and the mesenchyme surrounding the finger tips (J,K,L).
Unc5h4 mRNA initially appears as a thin stripe at the shoulder region (white arrow in M) and in a broader distribution over the whole limb excluding the very distal part. By E12.5 and E13.5 signals accumulate at the anterior and posterior sides of the proximal limbs (white arrow heads in N) and in proximal peridigital zones (O and black arrowheads in P), respectively. Dcc transcripts appear at E11.5 in a small central spot in the proximal limb bud (open arrow in Q) and at E12.5 weakly in the interdigital mesenchyme (R). Netrin-1 is initially expressed in the ectoderm at the base of the limb bud in the central distal ectoderm (S). The distal expression then expands to include the ectoderm overlying the digits, the nail primordial and peridigital stripes (T,U,V,W). At E14.5 Netrin-1 expression is concentrated in anterior and posterior ectodermal spots at sites of joint formation (arrowhead in X). Sections reveal that Unc5h2 is found in mesenchymal and ectodermal layers (a), Unc5h3 in the interdigital mesenchyme, Unc5h4 in the peridigital mesenchyme right below the surface ectoderm (black arrow in c), Dcc in the interdigital mesenchyme below the surface ectoderm (black arrow in d), and Netrin-1 in the surface ectoderm overlying the digits (e) but excluded from the interdigital ectoderm. Note that the mesodermal pattern is distinct for Unc5h2, Unc5h3, Unc5h4 and for Dcc. The scale bar represents 1.4 mm in (F,X); 1.3 mm in (I,M,N,R,S,T); 1.2 mm in (O,V); 1.05 mm in (B,Q); 1 mm in (C,E,J,L); 0.9 mm in (G); 0.7 mm in (A); 0.6 mm in (a-e) and; 0.5 mm in (D,H,K,P,U,W).
hindlimb. No expression was, however, observed anterior to the forelimb (Fig. 2A) . From E12.5 to E13.5 the expression expanded into the interdigital mesenchyme (Fig. 3C, D, E) and then became restricted to the finger tips at E14.5 (Fig.  3F, G) . Sections revealed that the distal Unc5h2 signal was of ectodermal and mesodermal origin (Fig. 3a) . The second site of expression in the limb bud started at E9.5, continued throughout development and mirrored the sites of newly generated blood vessels (Fig. 3H) . Unc5h3 expression in the developing limb initiated at E11.5 with two domains in the anterior and posterior part of the proximal limb mesenchyme (Fig. 3I) . At E12.5 and E13.5 expression became restricted to the interdigital mesenchyme and to the mesenchyme around the finger tips (Fig. 3J, K, L) . Sections revealed that the ectoderm including the AER were negative for Unc5h3 expression (Fig. 3b and data not shown). Unc5h3 transcripts were also found at sites of cartilage condensation (Przyborski et al., 1998) (and data not shown). Unc5h4 expression was initiated at E11.5 in a thin stripe at the shoulder region and in the proximal mesenchyme (Fig. 3M) . From E12.5 to E13.5, the shoulder expression vanished and new sites of strong Unc5h4 expression appeared at the anterior and posterior margins of the proximal limb (Fig. 3N ) and in the peridigital mesenchyme ( Fig. 3O, P, c) . Neogenin mRNA was only detected in the condensing cartilage (Keeling et al., 1997) (and data not shown), whereas, early Dcc expression was condensed to a mesenchymal spot of the central proximal limb bud (Fig.  3Q) . From E12.5 to E13.5 weak expression was observed in the interdigital mesenchyme (Fig. 3R, d ). On serial sections, the DCC expression pattern (peripheral interdigital mesenchyme) was clearly dissimilar to the patterns of Unc5h3 (central interdigital mesenchyme) and of Unc5h4 (peripheral interdigital mesenchyme) expression. However, we cannot, exclude the co-expression of Dcc and Unc5h3 or Unc5h4 in a minor cell population. Netrin-1 expression was broad at early stages of limb development with highest levels at the base of the limb bud and in a central area (E11.5, Fig. 3S ). Netrin-1 signals in the proximal limb were observed until E13.5 (Fig. 3T, V) and consisted of a complex pattern of central mesenchymal and of ectodermal expression (not shown). The distal expression at E12.5 was limited to the ectoderm overlying the digits (Fig. 3T, U, e) . At E13.5, additional signals were observed in the nail primordia and in peridigital stripes (Fig. 3V, W) . This distal peridigital Netrin-1 staining, however, differed from that of Unc5h4, which was in the proximal fraction of the digits. At E14.5 Netrin-1 expression was sharply focussed in the anterior and posterior ectoderm overlying the developing joints (Fig. 3X) . In summary, the transcript distribution of each individual Netrin-1 receptor of the Unc5-family was distinct with unique expression patterns showing virtually no regions of co-expression with Dcc and Neogenin.
Mouse Netrin-3 (Püschel, 1999; Seaman and Cooper, 2001; Wang et al., 1999) , in addition to Netrin-1, is also present during limb development and shows strong expression in the distal limb bud (Püschel, 1999) . Other genes involved in cell migration and axonal pathfinding include the Slit-family of axonal guidance cues and their receptors. Several members of this pathway (Slit-1, Slit-2, Slit-3, Robo-1 and Robo-2) are likewise expressed during limb development (Vargesson et al., 2001 ). However, none of the patterns previously described resembled any of those reported here. Taken together, these results illustrate that during limb development there is a complex and dynamic expression pattern of genes involved in axonal path finding and cell migration. These genes may, therefore, be good candidates to play important roles during patterning and wiring the developing limb. In addition, these results demonstrate that for the most part, the extra-CNS expression patterns of the Unc5 genes did not overlap with those of the DCC family. As a consequence, at least some functions of the Unc5 genes should be independent of Dcc, as has been shown in C. elegans (Merz et al., 2001 ).
Experimental procedures
Two EST clones representing the 3 0 -end of Unc5h1
(accession no. AA288582) and Unc5h2 (accession no. AA068682), respectively, were obtained from the Resource Centre of the German Genome Project (RZPD, Berlin) and fully sequenced using standard dye termination protocols. RACE (Frohman, 1990) and RT-PCR experiments were performed using RNA isolated from E14.5 brainstem and from E18.5 cerebellum. At least four individual clones of each PCR product were sequenced to exclude PCR generated errors. Exon/intron structure was deduced from unfinished sequences of the mouse genome project (http:// www.ncbi.nlm.nih.gov/blast/mmtrace.html). Several alternative spliced products were repeatedly observed in cloned PCR products and in one EST clone (AA288582). Whole mount and vibratome sections RNA in situ hybridisations were done as previously described (Engelkamp et al., 1999) . Each expression pattern described for Unc5h1, Unc5h2 and Unc5h4 was verified by using at least two non-overlapping RNA probes. All hybridisations with sense probes gave no signal. Rat Unc5h1 and Unc5h2 probes (Leonardo et al., 1997) (obtained from M. Tessier-Lavigne) showed identical expression patterns to those reported here. In situ data described in this article were generated with the following probes: Unc5h1: bp 714-2220 of AJ487852 (excluding exon 6), Unc5h2: bp 2451-3788 of AJ487853, Unc5h4: bp 1801-3191 of AJ487854. Probes corresponding mouse DCC (bp 3529-4415 of X85788) and Neogenin (bp 3369-4538 of Y09535) were generated by RT-PCR and sequence verified. Both probes showed expression patterns that were identical to published data (Cooper et al., 1995; Keeling et al., 1997) . Netrin-1 (Serafini et al., 1996) and Unc5h3 probes were obtained from M. Tessier-Lavigne and S. Ackerman, respectively.
